mailing address: CRNL Equipe DYCOG, 95 Boulevard Pinel 10 69500 Bron, France, phone number: +33 (0)4 72 13 89 00, fax: +33 (0)4 72 13 89 01 11 12 Abstract 13 Distractibility is the propensity to behaviorally react to irrelevant information in a world flooded with 14 sensory stimulation. Children are more distractible the younger they are. The precise contribution of 15 attentional and motor components to distractibility and their developmental trajectories have not been 16 characterized yet. We used a new behavioral paradigm to identify the developmental dynamics of 17 components contributing to distractibility in a large cohort of participants (N=352; age range: 6-25). We 18 assessed the specific developmental trajectories of voluntary attention and distraction, as well as 19 impulsivity and motor control. Our results reveal that each of these components present distinct 20 maturational timelines. These findings show that in young children, increased distractibility is mostly the 21 result of reduced sustained attention capacities and enhanced distraction, while in teenagers, it is the 22 result of decreased motor control and increased impulsivity. 23 24 25
Introduction
Remember the time you were in school, listening to your teacher; a car honking in the street or a 27 classmate laugh might have caught your attention. These distractors interrupted your listening and note- 28 taking. This tendency to have one's attention captured is commonly referred to as distractibility. Healthy 29 adults can easily focus on the task at hand again, unless the task-irrelevant distractor is significant or 30 vitally important and requires changing behavior (e.g. a fire alarm). This capacity to be both task-efficient 31 and aware of the surroundings without being constantly distracted requires a balance between voluntary 32 and involuntary forms of attention. Voluntary attention enables performing an ongoing task efficiently 33 over time by selecting relevant information and inhibiting irrelevant stimuli; while involuntary attention is 34 captured by an unexpected salient stimulus 1,2 , leading to a distraction state. Compared to adults, 35 children are more distractible 3-6 , which can result from an imbalance between voluntary and involuntary 36 attention. In ecological environments that are rich in distracting information, increased distractibility can 37 be caused by (i) a reduced capacity to voluntarily pay attention to relevant events, (ii) an enhanced 38 reaction to unexpected irrelevant distractors, or (iii) both. A better understanding of the causes of 39 increased distractibility is crucial to improve rehabilitation or training programs to boost attention. 40 Two main components of voluntary attention are usually investigated: attentional orienting and 41 sustained attention 2,7-9 . Orienting of attention operates by enhancing the processing of relevant 42 2 information and inhibiting irrelevant events 2,9,10 . Posner paradigms with endogenous informative or 43 uninformative cues 11, 12 have been used to measure the voluntary orienting of attention in anticipation of 44 a target in children. Results are conflicting: some show that the capacity to voluntarily orient attention is 45 mature before the age of six 12, 13 while others show that the benefit in reaction times (RT) to targets 46 following informative cues increases from 6 years old to adulthood [11] [12] [13] [14] [15] [16] [17] . These findings suggest that the 47 voluntary orienting of attention may improve during childhood, but its precise developmental trajectory 48 remains unclear. Sustained attention is the ability to maintain the attentional focus over time on a given 49 task [18] [19] [20] [21] . It relies on tonic arousal, also called vigilance 22, 23 . In children, sustained attention was mostly 50 measured using detection tasks of targets among non-target stimuli presented at a fast rate (e.g. 51 Continous Performance Test) 24 . A reduction in RT variability, as well as in the number of false alarms 52 and missed responses, have been observed from 5 years old to early adulthood 7,8,18,25 . These findings 53 suggest a continuous maturation of sustained attention throughout childhood and adolescence with 54 critical maturation steps at 6 and 13 years old. To our knowledge, no study has investigated the 55 developmental trajectory of sustained attention in a more ecological context including distracting events. 56 Only a few studies attempted to characterize the impact of distracting events in children 5, 26 . 57 Distraction was mostly investigated using audio-visual oddball paradigms, involving the discrimination 58 of targets preceded by task-irrelevant standard or novel sounds 5,27-30 . Lower hit rate and longer reaction 59 times to targets preceded by novel sounds are considered a measure of distraction. These measures 60 were found to improve from childhood to adulthood 29,31,32 , suggesting a reduction in distraction with age. 61 It was recently questioned, however, whether these oddball paradigms provide a reliable measure of 62 distraction, as after novels sounds, a behavioral cost (an increase in RT) was not always observed 30,33-63 37 , and even enhanced performances were found 30,37-39 . There is growing evidence that this facilitation 64 effect may be due to a phasic increase of arousal triggered by unexpected salient events 30,37-40 . This 65 burst of arousal may be mediated by the norepinephrine system and result in a transient and non-66 specific state of readiness to respond to any upcoming stimulus [41] [42] [43] . Thus, the so-called distracting 67 sounds generate a combination of facilitation and distraction effects, which final impact on the 68 performance of an unrelated task depends on the task demands 38,44-47 , the sound properties 30,35,38 , the 69 sound-target delay 35, 40, 48 and is probably contingent to brain maturation processes. Previous works have 70 shown that an increase in phasic arousal can also lead to increased false alarm rate 41, 49 . Impulsivity is 71 the tendency to act without forethought and to fail to appreciate circumstances related to the present 72 situation 50-52 . An increased false alarm rate is typically observed in impulsive persons and could result 73 from an enhanced phasic arousal 53-55 coupledor notwith a lack in motor control 7,56-59 . The 74 developmental trajectories of distraction, phasic arousal and impulsivity triggered by unexpected salient 75 event have not been disentangled yet. 76 In sum, previous behavioral studies showed that voluntary orienting of attention, sustained attention, 77 distraction, phasic arousal and impulsivity follow different developmental trajectories that remain to be 78 specified. Despite the importance of distractibility, its developmental trajectory is currently unknown. The 79 aim of the present study is to specify the maturational timeline of the different components of 80 distractibility in people from 6 to 25 years old. We used an adaptation of a recently developed paradigm, 81 the Competitive Attention Task (CAT) 48 . This paradigm combines the Posner task and the oddball 82 paradigm to provide simultaneous and dissociated measures of voluntary attention, distraction, phasic 83 arousal, impulsivity and motor control ( Fig. 1 ). To assess voluntary attention orienting, the CAT includes 84 informative and uninformative visual cues respectively indicating -or not -the spatial location of a 85 forthcoming auditory target to detect. To measure distraction, the CAT comprises trials with a task- respectively) the target sound will be played (200 ms duration) after a delay (940 ms). If the participant gave a correct answer, a feedback (800ms 98 duration) was displayed. b, In trials with distractor the task was similar, but a binaural distracting sound (300 ms duration) -such as a phone ring -99 was played during the delay between cue and target. The distracting sound could equiprobably onset at three different times: 200 ms, 300 ms, or 100 600 ms after the cue offset. We observed main effects of the AGE (χ2 (13) = 460.0; p < .001, Extended Data Fig. 2 ), the CUE 139 (χ2 (1) = 56.1; p < .001) and the DISTRACTOR (χ2 (3) = 1326.5; p < .001) factors on RT. We did not 140 observe a CUE by AGE interaction (Fig. 3a ). This was confirmed by positive evidence against a 141 correlation of the voluntary attention orienting index with age (Kendall's Tau = 0.041, BF10 = 0.1).
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A DISTRACTOR by CUE interaction was significant (χ2 (3) = 26.6; p < .001; Fig.2 ). Post-hoc Honest 143 Significant Difference (HSD) tests showed that participants were faster to detect targets preceded by an 144 informative cue in the NoDis, Dis2 and Dis3 (p <.001) conditions, while no cue effect was found in the 145 Dis1 condition (p = .694). . 206 The rate of anticipated responses (10.3 ± 0,3 % on average) was modulated by the AGE (χ2 (13) = 207 52.9; p < .001; Fig 5b) . Post-hoc HSD analysis showed that the 7 to 12 and the 17 year olds had more 208 AntRep than the 20-25 year-olds. Children from 7, 8 and 10 years old showed an increased AntRep rate 209 compared to the 18-19 year olds. Finally, the 10 year olds showed a higher AntRep rate than the 13 210 year old children. 211 We also observed a significant effect of GENDER on AntRep rate (χ2 (1) = 10.3; p = .001) indicating 212 larger AntRep rate in male (11.7 ± 0.4 %) compared to female (8.9 ± 0.4 %) participants. 213 We observed significant main effects of the CUE (χ2 (1) Discussion 261 We aimed to characterize the developmental trajectories of attentional and motor processes related to 262 distractibility using several behavioral measures (see a graphical summary in Fig. 6 ). Our findings 263 suggest that voluntary orienting of attention is mature at 6 years old while voluntary sustained attention 264 slowly develops until 13 years old. Distraction is increased before the age of 8, compared to older age 265 groups. Later in childhood and adolescence, there is increased impulsivity, which fades in adulthood. 266 Shorter reaction times to targets preceded by informative rather than uninformative cues is typically and motor control (e.g., Barratt & Patton, 1983; Eysenck & Eysenck, 1985 age, suggesting that processes triggered by distractors influence the behavioral expression of 363 anticipated responses. These anticipatory responses following distracting sounds could be driven by the 364 phasic increase in arousal triggered by distractors or by reduced voluntary inhibitory motor processes. 365 We also noticed a progressive decrease in random response rate between 10 and 12 years old. As 366 random response timing corresponds to a response which is believed to be independent from a stimulus, 367 11 this response would then be related to a measure of motorrather than attentionalcontrol. Our 368 findings suggest that motor control reaches its adult developmental stage around 13 years old. Beyond 369 the assessment of attention capacities, the CAT also provides measures of impulsivity and motor 370 control, which follow distinct developmental trajectories. Motor control and impulsivity display a 371 significant improvement starting at 10 and 11-12 years old, respectively. Motor control reach an adult 372 developmental stage around 13 years old, while impulsivity is found mature at 18 years of age. 373 To our knowledge, this is the first study to provide precise developmental trajectories of several In the other 50 % of the trials, the trial structure was identical, but a binaural distracting sound (300-416 ms duration) was played during the delay (Fig. 1b) could be equiprobably played at three different times during the delay: 200 ms (Dis1), 400 ms (Dis2) 419 and 600 ms (Dis3) after cue offset. 420 The proportion of cue and target categories were distributed equiprobably between trials with and 421 without distracting sound. The informative condition represented 75 % of the trials: in that case the dog 422 was facing left or right, indicating the ear of the target sound presentation (37.5 % left and 37.5 % right). 423 The uninformative condition represented 25 % of the trials: the facing-front dog was followed by the 424 target sound in the left (12.5 %) or right (12.5 %) ear. 425 To compare behavioral responses to acoustically matched sounds, the same distracting sounds were 426 played for each distractor condition (Dis1, Dis2 or Dis3) in the informative condition. Each distracting 427 sound was played 4 times during the whole experiment, but no more than twice during each single block 428 to limit habituation. 429 Subjects were instructed to perform a detection task by pressing a key as fast as possible when they 430 heard the target sound. They were asked to focus their attention to the cued side in the case of 431 informative cue. Participants were informed that informative cues were 100 % predictive and that a 432 distracting sound could be sometimes played. In the absence of the visual cue, a blue fixation cross was 433 presented at the center of the screen. Subjects were instructed to keep their eyes fixating on the cross. 434 When participants answered within 3300 ms after the target onset, a dog holding a bone (800-ms 435 duration) was presented 500 ms after the response followed by the fixation cross for a randomized 436 period of 1700ms to 1900ms. If the participant did not respond in time, the fixation cross was displayed 437 on the screen for an additional randomized delay of 100 ms to 300 ms.
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Procedure. 440 Participants were tested in small groups of 2 to 4. Adults were tested in the lab or at the university, 441 and children were tested at school, all in a quiet room. Participants were seated in front of a laptop 442 (approximately 50 cm from the screen) delivering pictures and sounds, as well as recording behavioral 443 responses using Presentation software (Neurobehavioral Systems, Albany, CA, USA). Auditory stimuli 444 were played in headphones. 445 First, the auditory threshold was determined for the target sound, in each ear, for each participant 446 using the Bekesy tracking method. This resulted in an average target threshold across subjects of 28 ± 447 0.6 dBA (see Table 1 for details by age range). Then, participants performed a short training of the task Measurement parameters. 462 We used a custom MATLAB program to extract and preprocess behavioral data. 463 First, we visually inspected the reaction time distribution relative to target onset for each age (see 464 Extended Data Fig. 4 ). For each participant, the longest reaction time for a correct response (RT upper Statistical analyses. 494 In order to estimate a degree of logical support or belief, Bayesian statistics were used. To estimate 495 physical tendencies using complex models such as linear mixed error-component models (LME) or 496 generalized linear mixed models (GLMM) were necessary, a frequentist approach was chosen. 497 Socio-economic data analysis. 498 To confirm that our sample population was uniformly distributed across age ranges in block order, 499 handedness, and gender, we performed Bayesian contingency To confirm the need for mixed nested models for both LME and GLMM, we used a likelihood ratio 527 analysis to test the model fit before and after sequential addition of random effects and covariates. We 528 used the Akaike Information Criterion and the Bayesian Information Criterion as estimators of the quality 529 of the statistical models generated for each behavioral type of measurement. We used the Wald T-test 530 Chi-square (type II) to estimate the weight of the statistical parameters of the models and we only 531 considered the explanatory variables. The fixed effect represents the mean effect across all subjects 532 after correction of between-subjects and distractor conditions variability. 533 Frequentist models and statistics were performed in R® 3.4.1 using the lme4 89 and car 90 packages. 534 We only considered results of main analyses significant at p < .01. 535 When we found significant main effect or interaction -and did not plan ahead for specific post-hoc 1) between-subject factor AGE: 14 levels (see Table 1 ); 547 2) between-subject factor GENDER: 2 levels (male and female); Other measures. 574 RT SD was analyzed with the fixed factors AGE and GENDER as between-subject factor and BLOCK 575 (3 levels) as within subject factor. 576 Response types were process as binomial data without transformation to enable prediction of 577 absolute changes in response types between factors. 578 LateRep were analyzed in the NoDis condition, only, since few participants committed LateRep in 579 distractor conditions (total average: 3.5 ± 0.1%). 
